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ABSTRACT

A method is presented which allows individual zone
injectivity/productivity to be determined without downhole
flow measurements. Mass balance in conjunction with the
specific pressure change measured at selected points in the
the well is related to the individual zone
injectivity/productivity which can then be used to estimate
productive capacity. A sample staged completion test pro-
gramme is presented to obtain the maximum information
from a completed well without discharge or use of the
downhole flow meter.

INTRODUCTION

Wells drilled in liquid-dominated geothermal fields
may have large mass flow rates, high temperatures, and
large amounts of dissolved solids. Discharge testing of
some geothermal wells involving the disposal or reinjection
of up to 50,000 m® of geothermal brine may have to await
the installation of a complex array of surface equipment
before testing can proceed. Even a brief vertical discharge
of the well may be precluded due to thermal, noise or
chemical pollution. In the Mokai field, New Zealand, a
vertical discharge of well MkS5, at a mass flow rate of 200
kg/s and enthalpy about 1290 kJ/kg produced noise levels
of over 120dBA near the wellhead. In order to obtain
some measure of the productive or injective well capacity it
is useful to determine individual permeable zone
injectivity/productivity from injection tests which are not
normally subject to the same environmental constraints as
production tests.

BACKGROUND

Analysis of wellbore temperature and pressure
profiles has taken on new significance with the develop-
ment of downhole flow meters. These devices are able to
provide the information required to confirm or refute previ-
ously held theories on the significance of specific profiles.
Ironically this enabled the development of methods to
determine permeable zone flow characteristics without
using the flow meter.

Development of wellbore profile interpretation has
proceeded rapidly since 1979. Grant (1979) showed how
various pressure and temperature profiles could be pro-
duced in the wellbore depending on the phases present and
flow occurring in the wellbore. Stefansson and Steingrims-
son (1981) covered the application of various tools in
geothermal well logging and interpretation techniques.
Dench (1980) used measurements from the Olkaria geoth-
ermal field to show that pressures in the wellbore equalled
the formation pressure only under specific constraints.
Horne and Castanada (1981) used various temperature and
pressure profiles to determine the existence of flows in the
wellbore and locate selected permeable zones. Bixley and
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Grant (1981) presented a method to use pressure and tem-
perature profiles to calculate individual permeable zone
injectivity/productivity for a well with two dominant zones
of permeability. The use of enthalpy balances and
downhole chemistry in similar analyses is also discussed.
Grant et al. (1982) presented data from a number of New
Zealand geothermal fields showing linearity of formation
pressure profiles in those that were liquid-dominated.
Grant et al. (1983) discuss the identification of internal
flows in the wellbore and the effect of these on pressure
transients. Gudmundsson (1984) used a well with a single
feed zone to demonstrate the use of the pressure pivot
along with a wellbore simulator to predict the output curve.

The current study evolved from the need to determine
individual permeable zone characteristics in Mokai well,
Mk6, which contains six main permeable zones (Leaver,
1984). Staged completion testing had been undertaken in
order to test temperature buildup techniques. During final
completion testing the downhole flowmeter became inoper-
able necessitating the use of alternative techniques to calcu-
late the required flow parameters.

CONCEPTUAL DEVELOPMENT

Instantaneous flow in a well is principally controlled
by the location of permeable zones and the difference
between the formation pressure profile and the flowing
pressure profile. The difference between the two profiles
determines both the magnitude and direction of the flow.
Inherent assumptions are that the transmissivity (k4) and
the viscosity (u4) are constant and that skin damage if
present is the same at all permeable zones.

For Darcy flow in the formation:
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For steady state horizontal flow, integrating Equation 1

between reference points 0 and 1 and assuming zero skin
gives:
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K may represent either the injectivity or productivity index
depending on the direction of flow.




Figure 1 shows a schematic layout of typical pressure
profiles during injection.

The pivot point is defined as the point at which the
well pressure equals the formation pressure. From Darcy’s
Law for a single permeable zone of high transmissivity (kk)
and low absolute flow rate (g), the pivot point will be
located at the permeable zone as the difference between the
well and formation pressures is small. For more than one
feed zone the depth of the pivot point in the well will be
determined by the permeability of each zone and the
characteristics of the well and formation pressure profiles.

In Zone A of Figure 1 permeable zones above the
pivot point will produce brine into the well during surface
injection. Conversely injected fluid will flow into the for-
mation in those permeable zones below the pivot point.
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FIGURE 1:

Schematic of typical pressure profiles.

MATHEMATICAL DEVELOPMENT

Principal assumptions used are:

Radial Darcy flow in a homogeneous isotropic
medium.

Incompressible fluid and formation.

Negligible thermal interaction effects such as conden-
sation of vapour and contraction of the formation dur-
ing injection.

Three cases are considered in the development of a
general formula:

®

(i)
(iii)

Case I--Single Permeable Zone

Consider a well with a permeable zone at location 1
in Figure 2. If the pressure gauge is located at the same
depth as the permeable zone the injectivity is determined
from the relation: .

Ag,

L=
prl

&)
where

APuw1 =Ppw1— Pn (6)

If the pressure change is measured at some arbitrary
depth, d,, then a different overall injectivity will be meas-
ured.
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FIGURE 2: Single permeable zone in a geothermal well.

Substituting for Ag, from Equation 5 gives:

®

Case 11---Double Permeable Zone Well

Consider a well with permeable zones at locations 1
and 2 in Figure 3. For this case the individual 2one per-
meabilities cannot be directly calculated as the pressure
profile in the well is determined by the equilibrium
between the two permeable zones.
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FIGURE 3: Double permeable zone configuration in a

geothermal well.

The overall injectivity can be measured as for case I.

Aq,
Iy = &)
pr‘
The individual zone injectivities are:
A A
h=—2 4 L=—2 (10)
'wl
From conservation of mass
Aw, = Aw; + Aw, (11)
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Eliminating flow terms using Equations 9, 10 in 12 gives:
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Rearranging:
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Since this equation has two unknowns /, and I, a second
equation is required which is obtained by measuring the
well pressure for a second step in flow rate. This equation
will be identical in form to Equation 14.

Case 1II---General Case

Consider the case of a well with n+ m permeable
zones with productivities, J; , and injectivities, /; , where
there are n permeable zones above the pivor point and m
permeable zones below the pivot point (Figure 4). Using
induction from the previous two cases gives:

m‘ﬂpw‘ » LAP‘
'2;' "jl_% V‘m
Iy=£ = (15)
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n + m flow rate steps are required to uniquely determine the
individual zone productivities (J;) and injectivities (7).
Furthermore pressure differences (Ap.) must be calculated
opposite each permeable zone in order to solve Equation
15.
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FIGURE 4: Multiple permeable zone configuration in a
geothermal well.

In liquid dominated geothermal fields the number of
pressure measurements required can be reduced by using
the characteristic of these systems that the formation pres-
sure profiles are linear with depth (Grant et al., 1982).
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During water injection the well pressures below the water
surface are also near linear with depth. This necessarily
assumes:

(i) Flows from the formation into the well during injec-
tion do not significantly affect the overall density of
the fluid column in the well.

(ii) Frictional flow effects in the wellbore are small.

(iii) Heat wransfer from the formation to the wellbore fluid
is small.

Once linearity of the pressure profiles has been esta-
blished the geometry of the profiles can be used to modify
Equation 15 so that only the permeable zone depths need
be known along with two pressure measurements in order
to establish the pressure change at each permeable zone.

By similar triangles from Figure 2:

[ APM ] = [ APw ] - Amq
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(16)
substituting from Equation 16 in 15 for Ap,,, Ap., gives:
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DISCUSSION

Equations 16 and 17 require n+ m step changes in
flow rate for each permeable zone injectivity/productivity to
be uniquely determined. The number of flow rate step
changes required is reduced by one for each permeable
zone whose injectivity/productivity can be determined
independently. If the upper permeable zones are producing
brine into the well during injection, enthalpy balance tech-
niques in conjunction with the temperature and pressure
profiles can be used to independently determine the
injectivity/productivity of these zones.

The use of pressure profiles to determine permeable
zone injectivity/productivity requires a knowledge of the
depth of the permeable zones, the specific volume of the
formation fluid at each permeable level, and the stabilised
pressure profiles at the required number of injection flow
rates. The accurate location of feed zones and the effect of
injected fluid on individual permeable zone characteristics
are the principal limitations in application of the technique.
An important feature is that no downhole flow measure-
ments in the wellbore are required.

APPLICATION

Staged completion testing of a well enables the
characteristics of some permeable zones to be determined
during the drilling operation. Staged testing may cause
delays during drilling of the well but this can be offset by
the additional information obtained and by eliminating the
need for extended testing on completion of the well at tar-
get depth.

The extent and type of testing undertaken will reflect
the amount of information required from any single well.
A flow chart is presented in Figure 5 to show how the fol-
lowing information could be obtained:

(i) Transmissivity, skin and under certain conditions pro-
ductivity of the uppermost permeable zone.
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FIGURE 5:  Flow chart for staged completion well testing

(ii) Formation pressures and temperatures.
(iii) Individual permeable zone injectivities.
A more detailed explanation of the techniques used to

determine individual permeable zone flow characteristics
from staged completion tests is given in Appendix A.

CONCLUSIONS

(1) Individual zone injectivity/productivity can be deter-
mined without the use of downhole flow measure-
ments.

(2) Fewer pressure profile measurements are required
where the formation and well pressure profiles are
known to be linear with depth.

(3) Staged completion testing should be considered if in
addition to the injectivity of each permeable zone,
information on productivity, transmissivity and skin
factor are required.
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NOTATION

d,  depth of gauge below surface
d,  depth of pivot point below surface

h  formation thickness

I injectivity

Iy overall injectivity calculated at d,

J  productivity

Jo  overall productivity calculated at d,

k  permeability

K  proportionality constant in Darcy’s Law

m  number of permeable zones below the pivot point
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n  number of permeable zones above the pivot point
p  pressure
pr formation pressure
pw  well pressure
Pwg  Wwell pressure measured at gauge depth
g  volumetric flow rate
q.  surface volumetric flow rate
r  distance between source well and pressure point
time
w, surface mass flow rate
v specific volume
v,  surface specific volume
p  dynamic viscosity

REFERENCES

Bixley P. F. and Grant, M. A.: "Evaluation of Pressure-
Temperature Profiles in Wells with Multiple Feed
Points," Proc., 3rd N.Z. Geothermal Workshop (1981),
121-124.

Dench N.: "Interpretation of Fluid Measurements in Geoth-
ermal Wells," Proc., 2nd N.Z. Geothermal Workshop
(1980), 55-59.

Grant M. A.: "Interpretation of Downhole Measurements in
Geothermal Wells," Applied Mathematics Division,
D.S.IR., Wellington, New Zealand. Report AMD-88,
(1979).

Grant M. A., Bixley P. F., Donaldson I. G.: "Internal
Flows in Geothermal Wells: Their ldentification and
Effect on the Wellbore Temperature and Pressure
Profiles,” Soc. Pet. Eng., Annual Conference, (Oct.
1981), paper SPE-10317.

Grant M. A., Donaldson I. G., Bixley P. F.: Geothermal
Reservoir Engineering, Academic Press Inc.,, New
York, (1982).

Gudmundsson J. S.: "Discharge Analysis for Two-Phase
Geothermal Wells," Trans., Geothermal Resources
Council, Vol. 8 (Aug. 1984), 295-299.

Homme R. H. and Castanada M.: "Location of Production
Zones with Pressure Gradient Logging," Proc., 3rd
N.Z. Geothermal Workshop (1981), 115-119.

Leaver J. D.: "Well Mk6: Report on Completion Test,
Heating and First Discharge," Ministry of Works and
Development, Wairakei, file 34/6 (April 1984).

Roux B., Sanyal S. K., Brown S.: "An Improved Approach
to Estimating True Reservoir Temperature from Tran-
sient Temperature Data,” Proc., 5th Stanford Geother-
mal Workshop (1979), 373-384.

Stefansson V. and Steingrimsson B.: "Geothermal Log-
ging,"  Orkustofnun, Report 0S-80-017/JHD-09,
Reykjavik, (1980).

APPENDIX A

TYPICAL DATA FOR UPPER ZONE TESTING

A pressure falloff transient performed in conjunction
with shutting the well in for temperature buildup measure-
ments can provide an estimate of the formation pressure,
skin, and transmissivity. The transient data may need to be



constructed from a number of pressure profiles performed
during buildup. Frequent linearity of pressure profiles dur-
ing injection and warmup facilitate interpolating data to the
permeable zone depth which may not be accurately known
initially (Figure Al).

The method of Roux et al.(1979) can be used to
obtain an estimate of the formation temperature (Figure
A2).

For a single permeable zone pressure profiles meas-
ured at the start and end of the temperature buildup test
may show a pivot which locates the permeable zone depth
and provides an estimate of the formation pressure. Sudden
inversions in the temperature profile due to cold drilling
fluid in the formation can also indicate the permeable zone
location. Depths over which the profile is constant may
indicate internal flow in the wellbore (Figure A3).
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FIGURE A1l: Pressure falloff transient.
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FIGURE A2: Temperature Buildup.
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FIGURE A3: Pressure and temperature profiles during
warmup.
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TYPICAL DATA FOR COMPLETED WELL TESTING

Drilling logs can be used to determine permeable
zone depths at which circulation losses occur (Figure A4).

A temperature buildup to determine bottomhole for-
mation temperature is best performed immediately on well
completion to reduce the time required to achieve accept-
able results. Temperatures between the upper zone and bot-
tomhole formation temperatures can be interpolated from a
BPD or other applicable profile (Figure AS).

Injection into the well may cause upper zones to pro-
duce brine. By varying the flow rate, enthalpy balance
techniques can be used to determine productivity at loca-
tions where temperature increases show the inflow of hot
brine from permeable zones. Only the lowest of the perme-
able zones accepting injected fluid will be detectable using
the bottomhole increase in temperature which reflects static
bottomhole conditions below this lowest permeable zone
(Figure A6).

Circulation loss (%L

detect permeable
zones.

FIGURE A4: Permeable zone detection from circulation
losses.
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FIGURE AS: Bottomhole temperature buildup.




Individual zone injectivities can be determined by
using step changes in the injected flow rate to produce the
required number of different well pressure profiles (Figure

AT).
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FIGURE A6: Temperature profile variation with flow rate.
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FIGURE A7: Pressure profile variation with flow rate.





